Among the adult organs, liver is unique for its ability to regenerate. A concerted signaling cascade enables optimum initiation of the regeneration process following insults brought about by surgery or a toxicant. Additionally, there exists a cellular redundancy, whereby a transiently amplifying progenitor population appears and expands to ensure regeneration, when differentiated cells of the liver are unable to proliferate in both experimental and clinical scenarios. One such pathway of relevance in these phenomena is Wnt/β-catenin signaling, which is activated relatively early during regeneration mostly through post-translational modifications. Once activated, β-catenin signaling drives the expression of target genes that are critical for cell cycle progression and contribute to initiation of the regeneration process. The role and regulation of Wnt/β-catenin signaling is now documented in rats, mice, zebrafish and patients. More recently, a regenerative advantage of the livers in β-catenin overexpressing mice was reported, as was also the case after exogenous Wnt-1 delivery to the liver paving the way for assessing means to stimulate the pathway for therapeutics in liver failure. β-Catenin is also pertinent in hepatic oval cell activation and differentiation. However, aberrant activation of the Wnt/β-catenin signaling is reported in a significant subset of hepatocellular cancers (HCC). While many mechanisms of such activation have been reported, the most functional means of aberrant and sustained activation is through mutations in the β-catenin gene or in AXIN1/2, which encodes for a scaffolding protein critical for β-catenin degradation. Intriguingly, in experimental models hepatic overexpression of normal or mutant β-catenin is insufficient for tumorigenesis. In fact β-catenin loss promoted chemical carcinogenesis in the liver due to alternate mechanisms. Since most HCC occur in the backdrop of chronic hepatic injury, where hepatic regeneration is necessary for maintenance of liver function, but at the same time serves as the basis of dysplastic changes, this Promethean attribute exhibits a Jekyll and Hyde behavior that makes distinguishing good regeneration from bad regeneration essential for targeting selective molecular pathways as personalized medicine becomes a norm in clinical practice. Could β-catenin signaling be one such pathway that may be redundant in regeneration and indispensible in HCC in a subset of cases?
BACKGROUND
Because of its essential role in regulating developmental decisions as well as adult tissue homeostasis, the Wnt/β-catenin signaling pathway has been the subject of extensive research for the past two decades [1] . Characterization of this evolutionarily well-conserved pathway has shown that Wnt signaling is indispensible in processes as diverse as cell fate, development, proliferation, differentiation, growth, survival, regeneration, and self-renewal [2] [3] [4] [5] [6] . For example, Wnt/β-catenin signaling is ongoing in a subset of adult tissues like gut and skin where cell turnover is high.
Specifically, the Wnt pathway has also been shown to play many roles in liver pathobiology, despite the fact that it is mostly quiescent in an adult liver [7] . While it is critical for the highly dynamic environment of developing liver, where it regulates the processes of hepatoblast proliferation, survival and differentiation, the aberrant activation of this pathway has also been established in a subset of liver tumors such as hepatoblastoma and hepatocellular carcinoma (HCC). This pathway can also be reactivated in an adult liver under conditions of experimentally induced controlled growth, such as in liver regeneration after partial hepatectomy. Similarly, this pathway is also involved in instances of abnormal regeneration, as is observed in hepatic progenitor or oval cell-mediated repair following liver injury. Finally, because of its vital role in cell survival and proliferation, this pathway is of essence in cancers of many adult tissues where such processes are revitalized. The present review will discuss the roles of Wnt/β-catenin signaling during normal liver regeneration, progenitor-mediated hepatic repair and discuss aberrant activation of this signaling cascade in HCC. Finally, we will provide a prospective of modulation of this pathway in hepatic regenerative medicine and cancer biology.
WNT/BETA-CATENIN SIGNALING IN THE LIVER Canonical Wnt Signaling
Wnt genes encode a large family of secreted glycoproteins that act as extracellular signaling molecules. Binding of Wnt proteins initiates a signaling cascade, which results in activation of β-catenin, the central player in the canonical Wnt pathway. However, in most normal unstimulated adult cells, where the Wnt/β-catenin pathway is inactive, this steady-state condition is ensured by the absence of Wnt protein and the degradation of β-catenin. Cytoplasmic β-catenin is bound in a complex with Axin, adenomatous polyposis coli (APC), casein kinase 1 (CK1) and glycogen synthase kinase 3β (GSK3β), which collectively comprise the destruction complex. β-catenin is phosphorylated by casein kinase 1 (CK1) and GSK-3β at specific serine/threonine residues located at the N-terminal region of the protein, which is facilitated by the scaffolding proteins Axin and APC [8] . This sequential phosphorylation targets β-catenin for ubiquitination and ultimate degradation by the proteasome.
Binding of Wnt proteins to the seven-pass transmembrane Frizzled (Fz) receptor on the surface of cells induces association with the low-density lipoprotein receptor related protein (LRP) 5/6. This coreceptor complex triggers activation of the canonical Wnt pathway. Dishevelled (Dvl) is recruited to the Frizzled receptor [9] , and the Fz/Dvl complex in turn relocates Axin to LRP5/6 [10] . Axin-bound GSK-3β and CK1 then phosphorylate LRP5/6 [11, 12] , which leads to inactivation of GSK-3β [13] . The absence of β-catenin phosphorylation releases it from the Axin/APC/GSK3 complex, resulting in accumulation of cytoplasmic and active β-catenin. Although β-catenin lacks a nuclear localization sequence, it then translocates to the nucleus through an unknown mechanism which may involve interaction with either components of the nuclear pore complex [14] or lymphoid enhancer factor or T-cell factor (LEF/TCF) [15] , its nuclear binding partner. Once in the nucleus, β-catenin binds to LEF/TCF, displacing the transcriptional inhibitor Groucho, and in complex with TCF initiates transcription of target genes [4] .
Canonical Wnt signaling in adult liver
Despite the expression of several Wnt and Fz genes, β-catenin is observed localizing mostly at the hepatocyte membrane in an adult liver [16] . However, it is present in the cytoplasm in the biliary epithelial and endothelial cells where its role remains unknown. β-Catenin has been implicated in biliary differentiation during development [17] [18] [19] and transgenic mice overexpressing β-catenin resolve intrahepatic cholestasis more efficiently than controls [20] . Similarly, the role of Wnt/β-catenin signaling in endothelial cell has been reported recently where Wnt2/Fz4/β-catenin axis seems to be important in sinusoidal endothelial cell proliferation [21] . Wnt/β-catenin signaling has also been identified in hepatic stellate cells, albeit the implications are conflicting. β-Catenin signaling has been implicated in the maintenance of stellate cell quiescence in one study [22] ; conversely, β-catenin signaling has also been reported in stellate cell activation [23, 24] . It will be highly relevant to conclusively address the role of Wnt in stellate cell biology to harness its modulation as a means to inhibit hepatic fibrosis.
An important role of β-catenin signaling was identified in imparting zonation in the adult liver. Hepatocytes exhibit molecular heterogeneity based on their location within the hepatic lobule. Interactions between β-catenin, HNF4α and Ras/MAPK/ERK signaling now appear to dictate pericentral versus periportal gene expression and thus these interactions are key to successful hepatic zonation [22, [25] [26] [27] . While rarely visible by immunohistochemistry unless more rigorous antigen retrieval methods are applied, pericentral hepatocytes express cytoplasmic and nuclear β-catenin in addition to membranous localization. Here, it is known to regulate expression of genes that encode for enzymes critical in ammonia and xenobiotic metabolism. These include genes encoding for glutamine synthetase (GS), glutamate transporter (Glt1) and cytochrome P450 family members such as CYP2E1 and CYP1A2. Au contraire, the hepatocytes in the periportal zone show higher APC protein expression and as a consequence lower unbound, dephosphorylated β-catenin. These hepatocytes express genes encoding for ammonia metabolism such as arginase 1 and carbamoyl-phosphate synthase.
β-Catenin as a component of Adherens Junctions
In addition to being the key effector molecule in the canonical Wnt signaling pathway, β-catenin also plays a pivotal role maintaining cell-cell adhesion. β-catenin is an essential part of the adherens junctions in epithelial cells, forming a bridge between the actin cytoskeleton and E-cadherin [28] [29] [30] . The binding of β-catenin to E-cadherin is controlled by the phosphorylation of β-catenin at a specific tyrosine residue (Y654) [31] . Y654 phosphorylation causes inhibition of the β-catenin/E-cadherin interaction, leading to dissociation of the complex and subsequent degradation of E-cadherin [32] . This results in a disruption of adherens junctions and, in the case of hepatocytes, impairment in the apical trafficking of specific proteins [33] . Loss of cadherin function is an important component of many morphogenetic processes such as development and turnover of adult tissues, and may also contribute to motility and metastasis in the presence of aberrant growth [34] .
β-Catenin as a mediator of tyrosine kinase signaling
Another important interaction involving β-catenin in hepatocytes is the association between β-catenin and several receptor tyrosine kinases. The effect of hepatocyte growth factor (HGF), a known mitogen, motogen, and morphogen for the liver [35] , is mediated through its receptor, Met, a tyrosine kinase ubiquitously expressed in hepatocytes. Our laboratory has previously shown a subcellular association between Met and β-catenin on the inner surface of the hepatocyte membrane [36, 37] . Binding of HGF to its receptor induces phosphorylated Met to phosphorylate β-catenin at tyrosine residues 654 and 670, which results in its translocation to the nucleus and subsequent upregulation of target genes [36, 38] . In nonconfluent cells cultured in the presence of HGF, active β-catenin regulates cell morphogenesis by promoting migration and cell dedifferentiation [39] . Conversely, in matrigel-induced hepatocyte re-differentiation, Met and β-catenin association increases simultaneous with a decrease in the amount of nuclear and tyrosine-phosphorylated β-catenin [40] . In several human tumor cell lines, β-catenin has also been shown to be tyrosine phosphorylated upon stimulation with HGF [41] . β-Catenin contributes to HGF-induced hepatomegaly in mice through loss of Met/β-catenin association and subsequent activation of β-catenin and increased cyclin-D1 expression [42] . Likewise, cyclin-D1 was shown to be an important mediator of β-catenin and Met induced HCC in genetic models [43] . Further, simultaneous activation of Met and a mutated active form of β-catenin have been found in a subset of human hepatocellular carcinomas [44] . Thus, the Met/β-catenin pathways operate synergistically to induce hepatocyte proliferation in normal and dysregulated growth. β-catenin also appears to crosstalk with the epidermal growth factor receptor (EGFR) signaling pathway, whose ligand, EGF, is another known hepatocyte mitogen. Like Met and E-cadherin, ErbB2, a member of the EGFR family, phosphorylates β-catenin at tyrosine-654 [45] , and constitutive tyrosine phosphorylation of β-catenin by ErbB2 has been implicated in the metastasis of cancers [46, 47] . Our laboratory has also identified EGFR to be a transcriptional target of Wnt/β-catenin signaling [48] , which may serve to enhance and prolong β-catenin signaling and potentiate its mitogenic effect.
Transcriptional targets of β-Catenin signaling
The number and variety of target genes activated by Wnt/β-catenin signaling are diverse and include target genes such as Met, Jagged, gastrin, MMP7, survivin, and various FGFs [49] [50] [51] [52] [53] [54] [55] [56] . β-Catenin also controls the expression of cell-cycle regulators important in proliferation such as cyclin-D1 [57, 58] , as well as oncogenes such as c-myc [59] . The majority of Wnt target genes, however, appear to be cell-type specific and are thus regulated both temporally and contextually. In the liver, these genes include glutamine synthetase, cyclin-D1, several cytochrome P450s (2e1, 1a2), EGFR and leukocyte cell-derived chemotaxin 2 (LECT2) as well as our recently discovered target regucalcin or senescent marker protein-30 [48, [60] [61] [62] [63] [64] [65] [66] Interestingly, some of the target genes of the pathway are components of the Wnt signaling pathway itself. For example, β-catenin can activate expression of repressors such as Axin2, Tcf1, and Dkk1 [55, 67, 68] , or suppress positive pathway components such as Frizzled and LPR6 [69, 70] , indicating the presence of a negative feedback loop to dampen or suppress Wnt signaling. The question that remains unanswered is whether β-catenin activation in the absence of mutations in the β-catenin gene, CTNNB1, or components of degradation complex such as AXIN1/2 will lead to any meaningful target gene expression, when there are several negative feedback opportunities that exist in this signaling cascade. Similarly, as described later, heterogeneity is evident in β-catenin activation due to sites of mutation within the exon-3 of CTNNB1, AXIN1/2 mutations as well as additional modes of β-catenin activation in HCC such as by TGFβ or receptor tyrosine kinases. These disparate mechanisms of β-catenin activation result in variations in target gene expression, which eventually impart a distinct phenotype to the tumor [71] [72] [73] [74] [75] .
Intriguingly, Wnt/β-catenin signaling also can induce expression of genes such as LEF1, which enhances and prolongs the signal, indicating the presence of a feed-forward mechanism which can be exploited by carcinoma cells [76, 77] .
LIVER REGENERATION: NORMAL, REGULATED GROWTH Model
Adult liver has the unique capacity to regenerate after insult and loss of liver mass, and has thus become a useful model to study organ regeneration and controlled growth. A phenomenon unique to liver regeneration is that rather than utilizing progenitor or stem cells, repopulation of the liver occurs almost exclusively through proliferation of mature cell populations, including hepatocytes, biliary epithelial cells, endothelial cells, and stellate cells [78] . Remarkably, liver regeneration occurs without loss of function; that is, throughout the regenerative process, the liver still performs all the essential functions needed for organism homeostasis. Another property that makes liver regeneration unique is that it can be triggered without causing inflammation or damage to surrounding tissues. The most common method of inducing regeneration experimentally is surgical removal of three of five lobes from the rodent liver, commonly referred to as a 2/3 rd or partial hepatectomy (PHx) [79] . The remaining two lobes grow in size until the liver mass is completely restored, which usually occurs after approximately 7 days in the rat [80] . Because these lobes can be resected within minutes, the entire regenerative process can be precisely timed.
Molecular signaling during liver regeneration
Partial hepatectomy triggers a series of cell signaling pathways and cascades that are very tightly regulated. Many of these pathways are the same as those activated in wound healing and innate immunity, although liver resection itself does not generate an immune response. One of the earliest events, which occurs within 30 minutes after PHx, is the induction of "immediate early genes", including members of the jun, c-fos, and myc families. Transcription of these genes are the result of rapidly activated transcription factors such as Stat3 and NF-κB, which are in turn activated by cytokines such as TNF-α and IL-6 [81] . Genes important for regulation of cell cycle entry are also transcribed either concurrently with cytokine stimulation or immediately following this period in response to growth factors such as HGF and EGF [82, 83] . Interestingly, fetal markers such as alpha-fetoprotein are also upregulated during this time [84] , and suggest that regeneration may recapitulate development to some extent.
Cellular basis of liver regeneration
The hallmark of liver regeneration is proliferation of adult hepatic cell types. The first peak of DNA synthesis happens in hepatoytes and occurs around 24 hours in the rat and approximately 36 hours in the mice [80] . Hepatocyte DNA synthesis and proliferation proceed in a zonal manner through the hepatic lobules, from periportal to pericentral areas [85] . Since 1/3 of the original hepatocytes remain after PHx, they only need to undergo 1.66 rounds of replication before the original number of hepatocytes is fully restored [86] . In fact, hepatocytes are capable of clonal expansion and have an almost unlimited capacity to proliferate in vivo. Rat liver was able to continue regenerating even after 12 sequential hepatectomies [87] , which suggests that unlike other mature cells in the body, hepatocytes are not terminally differentiated and can divide continuously when presented with appropriate stimuli [78] . Proliferating hepatocytes also produce growth factors for other cell types, including stellate cells and endothelial cells, in a paracrine fashion. These cells undergo DNA synthesis 24 hours after hepatocytes, peaking at 48 hours after PHx [88] . A key cell-cycle associated gene critical for initiation of cell proliferation is cyclin-D1, which is expressed as early as 6 hours after PHx [89] . As β-catenin is a key driver of cyclin-D1 expression and cell proliferation, it is logical to assume that β-catenin plays a role in liver regeneration after PHx. Indeed, work by our lab and others have described the function of β-catenin in regeneration and postnatal liver growth, which emphasizes its vital role in liver health and repair.
WNT/β-CATENIN SIGNALING IN LIVER GROWTH AND REGENERATION

Role of β-catenin in postnatal hepatic growth
A hepatic growth spurt is known to occur during first month after birth in mice. The Wnt/β-catenin pathway also plays a key role in contributing to this postnatal liver growth. Our laboratory found an increase in total β-catenin levels in the wild-type mice shortly after birth. In fact an increase in translocation of β-catenin to the nucleus correlates with an increase in cell proliferation evident in livers between 5-20 postnatal days [90] . Further, conditional β-catenin knockout (KO) mice lacking β-catenin in hepatocytes showed a significant decrease in the liver weight/body weight ratio (15-25%) in mice older than two months [65, 66] . This reduction is due to a basal decrease in hepatocyte proliferation as a result of lower expression of cell cycle regulators such as cyclin-D1 in the KO livers.
Growth advantage in livers overexpressing β-catenin
Direct overexpression of β-catenin has also been shown to enhance liver growth and regeneration. Transgenic mice overexpressing liver-specific wild-type β-catenin showed a 15% increase in liver size compared to normal wild-type aged-matched controls, secondary to increased proliferation [48] . Increased cell proliferation leading to hyperplasia and hepatomegaly was also described in a transgenic mouse that expresses an oncogenic form of β-catenin lacking the N-terminus, which is involved in protein stabilization [91] . Another report described enlarged livers shortly after adenoviral infection in a mouse strain carrying a mutant inducible form of β-catenin [92] . It should be noted that none of the mouse models described above developed spontaneous hepatic tumors. Thus, it appears that mutation of β-catenin alone is insufficient to cause tumorigenesis and suggests that only after a "first hit", such as chemical induction or mutation of another oncogene, does mutant-β-catenin promote tumorigenesis.
Activation of β-catenin signaling after PHx
During liver regeneration, however, the steady-state kinetics of β-catenin changes dramatically. In a rat model, a 2.5-fold increase in β-catenin protein was observed during the early minutes of liver regeneration induced by partial hepatectomy, concomitant with translocation to the nucleus [93] . The mechanism of this increase is a decrease in serine phosphorylation and a subsequent decrease in protein degradation, and not a result of changes in gene expression. Further, this initial increase in β-catenin protein is immediately countered by a downregulation of this pathway and activation of the destruction complex, which limits any sustained elevations in β-catenin protein levels. β-catenin activation after partial hepatectomy was transient, and protein levels returned to normal 48 hours post-PHx. The increased nuclear localization of β-catenin during the early stages of liver regeneration contributes to the increase in cyclin-D1 and c-myc expression observed previously after partial hepatectomy; thus, β-catenin has a positive impact on cellular proliferation [93] . As mentioned above, β-catenin was also identified to be also among the downstream effectors of hepatocyte growth factor, which itself is a significant player in the process of liver regeneration [36, 38, 94] .
Impact of β-catenin loss or knockdown on regeneration
Conventional β-catenin knockout results in early embryonic lethality [95] ; however, removal of β-catenin gene expression, either through endogenous morpholinos or conditional loss-offunction mutations, has proven to be a valuable tool for the functional analysis of canonical Wnt signaling in many tissues and organs, including liver [96] . The importance of β-catenin to liver regeneration has been elucidated by several studies in which β-catenin is removed or absent from the liver. Ablation of β-catenin transcription by administration of an antisense oligonucleotide simultaneous with partial hepatectomy resulted in a decrease in total and nuclear β-catenin 24 hours after PHx in rats [97] . The antisense-treated group also showed a significant decrease in liver weight/body weight ratio as late as 7 days after PHx, which was a result of decreased hepatocyte proliferation. To further explore the role of β-catenin in liver regeneration, others and we generated conditional knockout (KO) mice containing a hepatocyte-specific disruption of the β-catenin gene. Initial characterization of these mice showed a significant and sustained decrease in liver weight/body weight ratio (15-25%) in mice older than two months [65, 66] . Additionally, when subjected to partial hepatectomy, these mice displayed suboptimal regeneration, the result of a 2-fold decrease in the number of cells in S-phase at the time of peak hepatocyte proliferation in wild-type (40 hours). This decrease in proliferation seen in KO corresponds with deficient expression of cyclins involved in G1 to S transition, including cyclin-A, D, and E [66] . Interestingly, a rebound increase in hepatocyte proliferation was noted in the β-catenin-null mice at day 3 after partial hepatectomy, indicative of a delayed regenerative onset. By day 14, a second, smaller peak in the number of proliferating cells was seen in KO livers, perhaps as a compensatory event to ongoing apoptosis, which was noted at all stages during regeneration. This biphasic trend in proliferation allows for delayed but sufficient regeneration of β-catenin knockout livers after partial hepatectomy [66] . Another laboratory utilized liver-specific β-catenin knockout mice to confirm a delayed onset of DNA synthesis and hepatocyte proliferation after partial hepatectomy, which is likely due to a lack of cyclin-D1 induction [98] .
The KO mice were also investigated for addressing the role of β-catenin in toxicant-induced liver regeneration. Sublethal doses of acetaminophen in mice leads to hepatic injury and is immediately followed by enhanced regeneration. We identified an early β-catenin stabilization as a mechanism of hepatocyte proliferation and not injury following acetaminophen exposure. To address the role of β-catenin in acetaminophen-induced regeneration, conditional KO mice were utilized. However, these mice, as discussed earlier, have lower expression of CYP2E1 and CYP1A2 that metabolize the drug to its toxic metabolite and hence are resistant to even lethal doses of acetaminophen [65, 66] . To circumvent this limitation and address the role of β-catenin conclusively in toxicant-induced regeneration, the cytochrome P450s in question were induced in KO mice and regeneration compared between KO and controls at equitoxic doses, which clearly reflected the role of β-catenin in liver regeneration after acetaminophen-induced injury [99] .
Effect of β-catenin stimulation on regeneration
While loss of β-catenin reveals defects in liver regeneration, activation of this pathway through gain-of-function mutants, in which β-catenin has been rendered constitutively active, has demonstrated the positive effect of Wnt signaling on liver regeneration. Two studies have demonstrated the effect of β-catenin stabilization indirectly through ablation of the APC gene, a known negative regulator of the pathway. In the first study, Apc-inactivated mice display both a clear increase in liver size and a high incidence of spontaneous hepatocellular cancer [100] . In addition, regeneration was accelerated in Apc +/− zebrafish after 1/3 partial hepatectomy [101] . Inhibition of β-catenin transcription in zebrafish resulted in impaired liver regeneration as expected, confirming the requirement for Wnt/β-catenin signaling after liver resection. These authors further supported this finding by demonstrating a regenerative advantage in APC-mutant mice livers after PHx, as measured by enhanced kinetics of β-catenin expression and proliferation [101] . While β-catenin activation was evident robustly in APC-mutant mice, it is unclear what impact loss of APC has on other signaling pathways, as APC has recently been shown to affect cell processes such as epithelial integrity and DNA replication independent of β-catenin regulation [102, 103] .
We have recently utilized transgenic (TG) mice expressing Ser45 mutated β-catenin in hepatocytes to show a growth advantage both in vitro and during liver regeneration through cyclin-D1 regulation. The growth advantage of S45D TG hepatocytes after PHx may be attributed to acceleration of Met/β-catenin dissociation, phosphorylation, and nuclear translocation 40 hours after partial hepatectomy. In addition, hydrodynamic delivery of Wnt-1 gene delivery induced β-catenin activation and hepatocyte proliferation after partial hepatectomy in a mouse model [104] . This report provides evidence for the first time that exogenous manipulation of Wnt/β-catenin activation might be a novel way of inducing regeneration of the liver, when necessary. Clearly, this will be dependent on the availability of modulators of Wnt/β-catenin signaling pathway, which would need additional substantiation in preclinical models. While such modulators are not available currently, agents such as lithium chloride, which are known to inhibit GSK3β, a known negative regulator of β-catenin, might be relevant for further investigation in preclinical scenarios in liver regeneration [105] .
β-Catenin activation correlates with hepatocyte proliferation in patients of acute liver failure
In light of the experimental observations, the role of β-catenin is now being explored in clinical scenario. β-Catenin regulates cyclin-D1 expression during regeneration after sublethal doses of acetaminophen in an experimental mouse model [99] . A retrospective study with a limited number of acetaminophen-induced acute liver failure patients was performed to determine β-catenin localization, cell proliferation and patient outcome. β-Catenin activation as evident by its nuclear and cytoplasmic localization correlated with higher spontaneous regeneration in these patients and precluded the need for an orthotopic liver transplant [99] . Conversely, patients that showed low β-catenin expression without any nuclear and cytoplasmic localization usually had lower proliferation and eventually required transplantation. Thus, in addition to having therapeutic potential in treating drug-induced toxicity, activation of the β-catenin may also be a useful biomarker to predict prognosis in cases of acute liver failure.
Wnt/β-catenin signaling and liver regeneration: Future prospects
A positive role of β-catenin in liver regeneration has been identified in rats, mice, zebrafish and humans [66, 93, [97] [98] [99] 101] . In addition, a transient regenerative advantage was evident in mutant-β-catenin overexpressing transgenic mouse model after partial hepatectomy, without any long-term consequences of growth dysregulation [104] . At the same time exogenous Wnt1 mediated activation of this pathway demonstrated a distinct regenerative advantage [104] . This work has the potential to enhance the effectiveness of current regenerative technologies in several ways. First, human hepatocytes genetically engineered with stable β-catenin may reduce the number of hepatocytes needed for cell transplant therapy and thus eliminate the need for serial transplants. Second, temporal activation of the Wnt signaling after orthotopic liver transplant in the recipient may promote growth and function of the graft especially in small-for-size grafts. Wnt activation may also be of therapeutic significance in promoting regeneration in hepatic failure. Thus Wnt/β-catenin pathway may truly bridge liver biology, tissue engineering, and hepatic regenerative medicine.
OVAL CELLS: ABNORMAL, REGULATED GROWTH Overview
Under normal circumstances, stem cells are not required for liver regeneration. However, when hepatocyte proliferation is impaired, as in the case of chronic disease (such as viral hepatitis) or replicative senescence (such as in steatohepatitis), hepatic progenitor cells are activated and function as a reserve stem cell compartment. These progenitors, also called oval cells, have the potential to proliferate, produce multi-lineage progeny, and repopulate the liver when the regenerative capacity of adult hepatocytes is compromised [106] [107] [108] . Oval cells, so-called because they have an ovoid nucleus and scanty cytoplasm, are known to reside in the canals of Hering in a quiescent liver [109] , although other possible hepatic stem cell niches have also been identified [110] . Oval cells amplify into atypical ductular proliferations (ADP) before differentiating into hepatocytes or bile duct cells [111] .
The oval cell population is heterogeneous and contains cells that display a mixed epithelial/ mesenchymal phenotype; thus, within a population, oval cells can differ in their differentiation state and lineage commitment [112] . Numerous studies have demonstrated that oval cells play an important role in normal liver biology as well as carcinogenesis [113] . Oval cell proliferation has been shown to precede neoplasia in many rodent hepatocellular carcinomas and has been correlated with the increased risk for development of hepatocellular carcinoma in chronic liver disease [114] [115] [116] .
Model
Activation of a progenitor cell population can be induced experimentally in rodent models of liver injury, where the adult hepatocytes are rendered incapable of proliferation. Oval cell activation is observed in rats placed on the Solt-Farber protocol, which includes 2-acetylaminoflourene (2-AAF) followed by two-thirds hepatectomy [117] . Bile duct damage has been shown to compromise oval cell activation in this model, providing experimental evidence that oval cells may originate from intraportal or periportal ductules [118, 119] . In mice, feeding a choline-deficient diet supplemented with ethionine or a 3, 5-diethoxycarbonyl-1,4-dihydro-collidine (DDC)-containing diet results in oval cell activation and atypical ductular proliferation (ADP), respectively [120, 121] . Oval cell proliferation has also been observed in other murine models including dipin-induced hepatocarcinogenesis and phenobarbitol/cocaine-induced periportal injury. Intriguingly, the different protocols used for activating the progenitor stem compartment in rodents cause heterogeneity and phenotypically dissimilar populations, resulting in cells that possess unique characteristics and molecular signatures depending upon the treatment used [122] . Oval cells co-express both hepatocellular (Alb, AFP) and biliary (CK-19, OV-6) markers as well as stem cell genes (c-kit, LIF) and thus have the ability to differentiate into either hepatocytes or cholangiocytes [123, 124] . A wide range of markers, such as OV6, A6, Dlk, and EpCAM, have been developed to aid in the identification of putative hepatic progenitor cells.
Stem cells and hepatocellular cancer
Whether a cancer stem cell could be the precursor cell for HCC is controversial. Mature cells of the liver including hepatocytes and biliary epithelial cells are perfectly capable of proliferation as has been shown in numerous studies in models such as partial hepatectomy [80] . In fact there is no evidence of stem cells in the normal process of liver regeneration. However, nothing is 'normal' about regeneration in a diseased liver, hence the possibility of subset of HCCs to be contributed by a stem cell or a progenitor is worth entertaining [125] . It is likely that a subset of HCC patients might have a disease contributed by a more primitive cell comparable to those defined as 'cancer stem cells' or oval cells in experimental carcinogenesis. The maturation arrest theory implicates arrest of these 'stem cells' at different stages of their development to eventually give rise to tumors. Cancer stem cells that follow the stochastic model would be highly significant if these were targets of neoplastic transformation as they have pre-existing characteristics such as self-renewal (reviewed in [113] ).
The most relevant evidence that cancer stem cells contribute to the origin of HCC comes from oval cell studies in experimental carcinogenesis in response to various chemicals. Unfortunately, experimental carcinogenesis does not reflect a true patient scenario due to the absence of ongoing fibrosis and cirrhosis, which is the predominant backdrop for HCC in around 80% of clinical scenarios. The most pertinent model that clearly implicates stem or oval cell as a source of HCC is the Solt-Farber model where diethylnitrosamine (DEN) acts as the initiator of transformation and proliferation by causing DNA adduct formation and damage followed by N2-acetylaminofluorene to inhibit proliferation of most hepatocytes and lastly partial hepatectomy which creates the need for cell proliferation [126] . Thus there is selective pressure on transformed oval cells to proliferate, leading to a stem-cell-driven disease. Other chemicals have shown distinct stem cells as precursors of carcinogenesis in various preclinical models; however, their exact correlation to human disease is unknown. Such chemicals include Furan, choline-deficient ethionine supplemented diet, cholinedeficient diet with AAF treatment and others.
More than one group has identified CD133, which is a hematopoietic stem cell marker, as the cancer stem cell marker for HCC in patients [127] [128] [129] . It was also independently noted that HCC that show fetal hepatoblast, stem cell or CK-19-positive signatures might have a dominant stem cell component and show poor prognosis [114, [130] [131] [132] . More recently, EpCAM-positive cells have also been labeled as cancer stem cells in HCC [133] . The relationship between CD133 and EpCAM cells remains unknown. Thus at the present time the overall role and relative significance of oval cells or cancer stem cells as the cells of origin of HCC remains unresolved, and their elucidation will be of significance in predicting disease behavior, combating chemoresistance and devising differentiation therapies.
WNT/β-CATENIN SIGNALING IN OVAL CELL INDUCTION AND EXPANSION
Changes in Wnt/β-catenin signaling during oval cell activation
Wnt/β-catenin signaling has been shown to be at the heart of the phenomena of self-renewal in many stem cells including embryonic and hematopoietic stem cells. Wnt/β-catenin signaling is also implicated in the differentiation process of certain stem cells to specific lineages. Additionally, activation of β-catenin plays a major role in modulating the delicate balance between stemness and differentiation in several adult stem cell niches [134] . However, while Wnt/β-catenin signaling is clearly not a newcomer to the stem cell discipline, its role in hepatic progenitors is more recent and evolving [135] .
Several recent studies in rodents have elucidated the role of β-catenin signaling in oval cell induction and proliferation. Wnt signaling was induced in livers harvested from DDC-fed mice, which corresponded to increased oval cell proliferation within atypical ductular proliferations (ADPs). Furthermore, oval cells isolated from these livers showed nuclear localization of β-catenin in response to Wnt3a stimulation in culture [136] . We observed extensive activation of the Wnt/β-catenin pathway in a rat model of oval cell activation 5 and 10 days after 2-AAF+PHx, as evidenced by a significant increase in nuclear β-catenin protein levels in a subset of the oval cells [137] (Figure 1) . A vast body of information is available about the role of the stem cell microenvironment in controlling proliferation, differentiation, and/or self-renewal through direct cell-cell interactions and also via various soluble factors, such as Wnts, Hedgehogs, and BMPs. This kind of paracrine signaling was also observed in our model whereby Wnt-1 expressed on the hepatocytes acts on the adjacent Fz-2 expressing oval cells in order to induce the β-catenin activation seen in these oval cells. Activation of β-catenin signaling in response to Wnt ligands was recently observed in a rat hepatic stem-like epithelial cell line, resulting in proliferation of these cells [138] . In another study, significant upregulation of several Wnt genes including Wnt7a, Wnt7b, and Wnt10a accompanied by increased levels of active β-catenin protein was observed in mice fed a DDC diet [139] . Further, activation of the Wnt/β-catenin pathway in vitro was sufficient to induce proliferation of cultured hepatic stem/progenitor cells [139] .
Together, these studies demonstrate that Wnt/β-catenin signaling plays a critical role in oval cell biology.
Impact of modulation of Wnt/β-catenin signaling on oval cells
As in liver regeneration, the functional importance of Wnt/β-catenin signaling to oval cell activation can be more clearly understood by utilizing loss-and gain-of function mutations of pathway members. β-Catenin KO mice displayed a significantly blunted atypical ductular proliferation in response to DDC diet, further substantiating the requirement of Wnt signaling in the oval cell response. This result was confirmed in a rat model where inhibition of Wnt1 resulted in failure of oval cells to differentiate into hepatocytes and also lead to decreased oval cell proliferation [140] . Interestingly, in both models, long-term injury in the absence of Wnt/β-catenin signaling paradoxically induced a significantly greater ADP, indicating that while β-catenin is necessary for optimum oval cell response, in the presence of constant pressure, oval cells can activate an alternate mechanism in order to continue proliferating. Intriguingly, β-catenin S45D transgenic mice exposed to chronic administration of DDC diet showed an improvement in intrahepatic cholestasis compared to WT, as evidenced by a decrease in ADP and alkaline phosphatase [20] . Thus, overexpression of β-catenin may contribute to liver repair after DDC injury.
Wnt/β-catenin in oval cells in clinical studies
Oval cell activation has been observed in a range of liver injuries, including hepatic fibrosis and cirrhosis in alcoholic liver disease, viral hepatitis and others. Thus, it would be of clinical importance to determine markers for oval cell proliferation and differentiation in liver diseases of varying etiologies. One such study analyzed liver progenitor cells from patients with various diseases, such as acute hepatitis (AH) and primary biliary cirrhosis and identified Wnt signaling as playing a significant role in expanding the progenitor population, especially in patients with AH [141] . These findings have implications in the development of future therapeutic strategies that can be targeted to different subpopulations of progenitor cells.
WNT/β-Catenin signaling in stem cells in HCC
The Wnt/β-catenin pathway has long been observed to be active in a significant subset of HCC patients. More recently, it has also been implicated in cancer stem cells of this tumor type. According to the cancer stem cell theory of tumor origin, cancer might result from the disruption of normal stem cell self-renewal pathways. Due to an important role of Wnt/β-catenin signaling in stem cells, it is a relevant target of transformation. Several recent reports have demonstrated activation of β-catenin in isolated cancer stem cells from patients with HCC. Hepatic stem cells that are c-Kit(−)CD29(+)CD49f(+/low)CD45(−)Ter-119(−), which led to cancer initiation, showed prominent Wnt/β-catenin signaling [142] . Other reports have also demonstrated an important role of the Wnt pathway in tumorigenic cancer stem cells [143] . EpCAM, a hepatic stem cell marker that can be used for HCC prognosis, has been shown to be a target of the Wnt/β-catenin pathway [132, 133] . Inhibition of β-catenin has been shown to kill EpCAM-positive cells. In a more recent report from the same group, numbers of EpCAM-positive cells determined growth and invasiveness of the tumor similar to the HCC that exhibit stem cell signatures [130] . Our recent study identified HCCs harboring mutations in β-catenin gene to be more advanced as they displayed concomitant large size and signs of invasion [72] . In addition a high percentage of these tumors lacked overt cirrhosis and thus might reflect a stem cell driven disease, which is independent of the extent of injury, although this would need additional substantiation. Thus Wnt/β-catenin signaling is now implicated in HCC for its multifactorial role including a role in regulating 'cancer stem cells' in a subset of these tumors. Clearly, understanding the precise molecular and cellular basis of altered Wnt/β-catenin signaling may provide new insights into hepatoma biology with significant therapeutic implications [144] .
HEPATOCELLULAR CANCER: ABNORMAL, DYSREGULATED GROWTH Overview
Hepatocellular cancer is the most common liver tumor and a major health burden worldwide. It is the third most fatal cancer worldwide [145] . In the U.S.A, the incidence and associated death rates have steadily increased since the 1980s. According to the American Cancer Society, an estimated 18,910 liver cancer deaths are expected in the 2010. (http://www.cancer.org/acs/groups/content/@epidemiologysurveilance/documents/ document/acspc-026238.pdf). Also, both the incidence and mortality rates are higher in men than women. One of the major causes of morbidity and mortality associated with the disease is its poorly understood cellular and molecular basis.
Cellular aberrations in HCC
In around 80% of all HCCs, there is evidence of existing chronic liver disease as a predisposing factor for this form of neoplasia [146] . Virtually any condition that has been linked to the development of fibrosis and cirrhosis has been associated with eventual development of HCC. Viral hepatitis (B and C), alcoholic liver disease, metabolic liver disease including non-alcoholic steatohepatitis, aflatoxin-B1 exposure, primary biliary cirrhosis, primary sclerosing cholangitis, hemochromatosis and hereditary tyrosinemia, are some of the leading risk factors for the development of HCC [147] . While there is some predilection of specific signaling aberrations and genetic and epigenetic mechanisms associated with certain risk factors, a rather common theme exists in terms of specific cellular changes that appear to be at the heart of HCC initiation and progression. Hepatic injury can also be either due to direct cytopathic effect of the inciting agent such as virus or alcohol or due to indirect mechanisms owing to the presence of inflammation, altered redox state of the cell due to free radicals, eventually leading to oncotic cell death and apoptosis. As a consequence of hepatocyte injury, and in response to inflammatory cytokines and oxidative stress, stellate cells and portal fibroblasts undergo activation and myofibroblastic transformation leading to the development of fibrosis and eventually cirrhosis [148] . Under such circumstances, the surviving hepatocytes do what they do best and proliferate as a means to regenerate the injured liver. It is this regenerative response often seen histologically as regenerating nodules in chronic hepatitis of any form that acts as a 'doubleedged sword'. While this ongoing regeneration will be critical for the maintenance of liver functions in such patients, the hepatocytes in these nodules will be now proliferating in the backdrop of continued inflammation and oxidative stress; in the presence of inciting agents capable of directly or indirectly causing genotoxic damage; and in the presence of ongoing fibrosis or cirrhosis. Some of these dividing cells within some of these regenerating nodules will now cumulate certain minimal genetic or epigenetic alterations to mark the inception of neoplastic transformation. It is this cell proliferation within the adverse microenvironment that appears to be driving tumorigenesis within the liver in most of the patients with various forms of chronic liver injuries. However, while cirrhosis is evident in most HCC patients, it is likely that there may be varying thresholds of neoplastic transformations based on cumulated molecular aberrations. Indeed, there have been recent studies where HCC in HCV cases have been observed without the evidence of any significant fibrosis [149] . Also, as pointed out by Dr. Vogelstein, development of solid tumors may depend on the aberrations in three critical signaling pathways ( [150] ) and the selection of these pathways may further dictate the threshold of neoplastic transformation for any given injury, for any given patient.
Molecular signaling in HCC
Identification of signaling pathways that are utilized by tumor cells to proliferate and survive in HCC will clearly be of high significance for successful targeted therapies. The molecular aberrations may stem from genetic and epigenetic alterations that may be a consequence of genotoxic injury as a result of direct or indirect effects stemming from the inciting agents as described in the previous section. Several epigenetic changes including hypermethylation of p16 and E-cadherin have been identified. Monoallelic chromosomal losses or deletions affecting tumor suppressor genes have been identified frequently at chromosome arms-1p,  4q, 6q, 8p, 9p, 13q, 16p, 16q, 17p and 19p , as have been chromosomal gains at 1q, 7q, 8q and 17q (reviewed in [147] ). In HCC, loss of heterozygosity (LOH) has identified following tumor suppressor genes on the following chromosomes -17p (TP53), 13q (RB1), 16p (AXIN1), 9p (CDKN2A) and 16q (IGF2R) (reviewed in [148] ). Additional genetic mechanisms in HCC include mutations in genes such as p53 [151, 152] , CTNNB1 [153] and PTEN [154] . As a result of any of the above basic mechanisms or yet unidentified mechanisms, several signaling pathways have been reported to be turned "ON" in HCC. These include the HGF/MET, EGFR/RAS/MAPK, WNT/β-CATENIN, PIK3CA/AKT and IGF signaling cascades [155] . There is ample evidence both pre-clinically and clinically of the efficacy of inhibiting these pathways to inhibit hepatoma cell growth and survival.
Once tumor initiation has occurred, the neoplasia may be self-sustainable and may itself be a source of factors that may result in additional tumor growth in HCC. The hepatoma cells and surrounding microenvironment may demonstrate autocrine and paracrine signaling axes that promote tumor growth. A typical example of such a process is the many angiogenic growth factors such as HGF, EGF, VEGF, PDGF and others that are produced by hepatoma cells enabling angiogenesis and promoting tumor growth [156] .
WNT/β-CATENIN SIGNALING IN HEPATOCELLULAR CANCER β-Catenin genetic models and hepatocarcinogenesis
Is β-catenin sufficient for initiation and progression of HCC? Several β-catenin transgenic mouse models have been generated to test this hypothesis. Intriguingly, none of the mice overexpressing either wild-type or stable-mutants of β-catenin have thus far exhibited spontaneous HCC [48, 91, 92, 104] . These models indicate β-catenin alone to be insufficient in initiating tumorigenesis. However, several studies have now indicated that β-catenin may be collaborating with other signaling pathways to contribute to hepatocarcinogenesis. β-Catenin was shown to cooperate with activated Ha-ras to induce hepatocarcinogenesis [157] . Simultaneous mutations in both the β-catenin and Ha-ras genes caused by adenovirus-cre injection cause hepatocellular carcinoma at an incidence of 100% in this model. Further supporting the idea that dysregulation of β-catenin may promote tumorigenesis in conjunction with another aberration, mice heterozygous for Lkb1 deletion also showed an accelerated progression to HCC when mated with adenovirus-inducible β-catenin mutant mice [158] . Similarly, when chemical carcinogens such as diethylnitrosamine alone, which induce HCC through activation of Ha-ras [159] , are injected in serine-45-mutant β-catenin transgenic mouse, which lacks any spontaneous HCC, these animals showed accelerated tumorigenesis [104] . Thus these findings strongly suggest that β-catenin mutation is one of the hits that may be critical to the development of HCC, however additional aberrations are necessary to initiate tumorigenesis.
The exception to this rule is the liver-specific APC deletion mutants, which develop spontaneous HCC secondary to β-catenin activation [100, 160] . However, since APC also inhibits proliferation by binding directly to DNA [102] , the relative contribution of β-catenin to HCC in this model will need additional investigation. It is highly likely that β-catenin is one of the hits required in this model and additional genetic dysfunctions due to APC loss may in fact complement development of HCC.
Role of β-Catenin in the models of experimental hepatocarcinogenesis
In the context of a tumor initiator, such as a chemical carcinogen, however, β-catenin mutations can contribute to an oncogenic phenotype in a subset of experimentally induced HCC. An example is the model of DEN-induced carcinogenesis, which provides a selective advantage to Ha-ras mutated hepatocytes [159] . Interestingly, when these mice are fed phenobarbitol (PB) after DEN injection, 80% of the liver tumors that develop show β-catenin mutations whereas Ha-ras mutations are undetectable, suggesting that phenobarbitol positively selects for cells containing β-catenin mutations [161, 162] . Interestingly, in DENinduced hepatic lesions that progress to HCC, stabilizing mutations in β-catenin were found in over 50% of cases and may represent an important step in the malignant progression to HCC [163] . It should also be discussed, however, that some reports have implicated β-catenin mutations to be a rather common mechanism of mouse hepatocellular neoplasms, including adenomas and carcinomas, in five different chemical treatment groups, suggesting it to be an early event in carcinogenesis [164] .
Role of β-Catenin in the models of genetic hepatocarcinogenesis
Genetic models, in which β-catenin is mutated or activated in the presence of another oncoprotein, have also elucidated the role of the Wnt/β-catenin pathway in carcinogenesis. The c-myc/TGF-α transgenic mouse model of liver cancer develops β-catenin activating mutations when treated with phenobarbitol, and these mutations confer a proliferative and invasive advantage to tumors [165] . β-catenin activation is also a dominant event in hepatocarcinogenesis in c-myc/E2F1 transgenic mice and results in accelerated or aggressive carcinogenesis [166] . β-catenin activation was frequent in tumors from c-myc and c-myc/TGFβ transgenic mice with a frequency of 25-33% and represented an early event in carcinogenesis, conferring a selective advantage to tumors of a differentiated phenotype [167] . Similarly, 50% of hepatic tumors in c-myc or H-ras transgenic mice had either point mutations or deletions in β-catenin [153] . Additionally, mouse hepatocytes transformed with Ras showed nuclear accumulation of β-catenin and a resultant dedifferentiation of neoplastic hepatocytes in the presence of TGFβ [168] .
β-Catenin loss promotes chemical-induced carcinogenesis: Identification of paradox
Owing to an important role of β-catenin as an oncogene, it was relevant to demonstrate relative protection of the hepatocyte-specific β-catenin KO mice to chemical carcinogenesis. Paradoxically, however, the KO mice showed a dramatic increase in HCC incidence and severity after DEN treatment [169] . This study demonstrates a 'tumor suppressive' role of β-catenin in HCC such that its lack promoted hepatocarcinogenesis. A more recent study by Schwarz and colleagues also demonstrated enhanced HCC in β-catenin KO in response to DEN and phenobarbital [170] . In both these reports, lack of β-catenin promoted HCC, which intriguingly was observed in the milieu of increased inflammation, oxidative stress, hepatic fibrosis and regeneration. Further analysis revealed activation of PDGFRα/PIK3CA/AKT signaling in part due to aberrant NF-κB activation, in the β-catenin-deficient livers after DEN-induced genotoxic injury that led to enhanced cell proliferation in the backdrop of chronic liver injury, inflammation and fibrosis, eventually progressing to enhanced carcinogenesis [169] . In fact treatment of these mice with Imatinib led to significantly lower tumor size and number in the KO mice supporting an important role of PDGFRα in this model.
Activation of Wnt signaling in HCC in patients
Role of Wnt/β-catenin signaling in HCC was discovered over a decade ago [153] . Aberrant activation of Wnt/β-catenin signaling has been reported in a wide range of HCC patients. The most well understood and non-controversial mechanism of β-catenin activation in this tumor type is mutations in β-catenin gene or CTNNB1 that have been noted in around 20-40% of all cases [75, 153, [171] [172] [173] [174] . Mutations have also been reported in the components of the degradation complex of β-catenin including AXIN1 in around 3-16% [75, 173, 175, 176] and AXIN2 in around 3% of all HCC cases [176] . Additional mechanisms have also been described and include overexpression of FRZ7 [177, 178] , inactivation of GSK3β [179] , methylation of sFRP1 [180] , TGFβ-dependent activation of β-catenin [73] , and β-catenin activation by receptor tyrosine kinases especially in fibrolamellar subset of HCCs [72] . Intriguingly, HCC that occur in Hepatitis C virus (HCV) patients showed a high incidence of CTNNB1 mutations in up to 40% of cases [172, 181] , while HCV core protein led to increased expression of Wnt-1 in hepatoma cells due to unknown mechanisms [182] . Additional reports in HCC that occur in HBV patients have implicated Hepatitis B virus X protein to induce β-catenin activation in a mutation-independent manner [183, 184] . It is interesting to note that the most functionally relevant mutations that lead to activation of the Wnt pathway are those in CTNNB1, and correlates significantly with nuclear β-catenin by immunohistochemistry (or immunofluoresecence as shown in Figure 2 ) or GS-positive staining of tumor tissue as a surrogate target of β-catenin in the liver. Intriguingly, there is a significant subset of these tumors that do show increased nuclear or cytoplasmic β-catenin without CTNNB1 or AXIN mutations that may or may not be GS-positive and perhaps do represent the other mechanisms described above. However, their functional equivalence to each other has always been a major question. The eventual result of sustained Wnt/β-catenin signaling is thought to induce enhanced expression of β-catenin-dependent genes that in turn impact overall tumor growth and development [185, 186] .
Phenotype of β-catenin-active HCC
β-Catenin activation in a subset of HCC is undisputable as are the many mechanisms that lead to β-catenin activation [187] . Perhaps due to the heterogeneous mechanisms of β-catenin activation in HCC along with the complex crosstalks with many signaling pathways that are of essence in liver pathobiology, interpretation of the overall phenotype attributable to β-catenin activation has been rather cumbersome. In order to meaningfully decipher several studies that are seemingly conflicting, it will be useful to perhaps define what β-catenin activation really implies. In diagnostic and clinically relevant sense, the presence of non-membranous β-catenin including both cytoplasmic and nuclear β-catenin by immunohistochemistry complemented with the presence of certain targets is perhaps a useful definition. However, what are the true β-catenin targets; is one target sufficiently representative of β-catenin activity; and, do all mutations or modes of β-catenin activation induce similar target genes, are some of the questions that remain unanswered [71, 75] . So far, immunohistchemistry for GS has shown high sensitivity and specificity in detecting β-catenin mutated-tumors, which can be further improved by analysis of additional targets such as G-protein-coupled receptor 49 (GPR49) and glutamate transporter-1 (GLT1) [75] . However, a very careful analysis of differential activation of β-catenin through various reported mutations by sensitive and specific reporter assays will be required to conclusively address their relative efficacy in activating Wnt signaling. It is conceivable that the diverse mutations reported in exon-3 of CTNNB1 alone in HCC may alter the ternary structure of the β-catenin protein differently thereby influencing the interactions with other nuclear components including transcription factors, co-factors and histone acetyltransferases, which may in turn dictate target gene specificity and eventually the tumor phenotype. Indeed β-catenin-active HCC due to mutations in CTNNB1, AXIN1 or additional modes of β-catenin activation, have all been shown to have distinct phenotype in the transcriptomic classification of HCC [73, 75, 188] .
Since β-catenin mutations are the predominant mode of activation of the Wnt pathway in HCC and also the most characterized we will discuss the tumor phenotype in this scenario.
As it stands now, there are certain recurring themes in regards to the phenotype of the tumors displaying GS positivity as an indicator of β-catenin activation due to CTNNB1 mutations. These tumors have been classically defined to be larger in size, have less or no fibrosis, lack steatosis, are mostly well differentiated and display cholestasis [72, 188, 189] . There do remain contentious tumor attributes in the β-catenin-mutated HCC category as well. β-Catenin mutations have been mostly described as late events in HCC [174, 190, 191] while others report it to be an early event [171, 192] . β-Catenin mutated tumors have been reported to have less vascular invasion [193] [194] [195] , whereas other reports have identified higher micro-and macro-vascular invasion [72, 174, 196] .
What is the overall impact of β-catenin mutations and activation on prognosis in HCC patients? This also remains a debated issue in the field. β-Catenin mutations have been associated with better prognosis and a more differentiated tumor type [188, 195] . However, others have noted high nuclear and cytoplasmic β-catenin in more proliferating and poorly differentiated HCC [73, 190, 192] . Overall prognosis is a complex attribute and in HCC is dependent on not only multiple tumor characteristics including such as vascular invasion, metastasis and nodularity, but also extra-tumoral state of the liver including ongoing fibrosis and cirrhosis, hepatic dysfunction, and extrahepatic involvement. One such example is the lack of overt fibrosis evident in a significant subset of the β-Catenin-mutated HCC, which might be a confounding variable in supporting the observed improved prognosis in the β-catenin-mutated HCC patients. Similarly, additional studies will be critical to address if variable target gene expression due to varying mutations or mode of β-catenin activation in HCC may in fact be responsible for the eventual tumor phenotype as has also been suggested in a few studies [71, 75] .
Decreased fibrosis was reported in a few studies and remains an intriguing hallmark of β-catenin mutated tumors [72, 196] . Whether β-catenin mutations are a risk factor for development of HCC independent of cirrhosis or these are merely decreasing the threshold of neoplastic transformation will remain to be further investigated. It is also intriguing to note that in a recent study, a small but significant subset of HCV patients developed HCC without evidence of any fibrosis [149] . Knowing the predilection of HCV in utilizing Wnt pathway as a mechanism of HCC, it might be relevant to pursue the relationship of HCV, fibrosis, Wnt/β-catenin signaling and HCC [172] . Along the same lines, it is relevant to note that the small subset of hepatic adenomas that progress to HCC in patients often exhibit β-catenin gene mutations [197] . This neoplastic transformation of adenomas occurs in a healthy liver without any evidence of fibrosis and further supports the role of β-catenin in fibrosis-independent HCC.
LIVER REGENERATION, β-CATENIN SIGNALING: SORTING THE GOOD FROM THE BAD IN HCC Liver regeneration: Sorting the good from the bad in HCC?
Liver regeneration is a double-edged sword in chronic liver diseases and while it is critical for maintenance of liver function amidst inflammation, injury (viral, metabolic or toxicant) and cirrhosis, it also is the source of dysplasia when hepatocytes proliferate in an adverse milieu [146] . Once neoplastic transformation occurs, the tumor may still utilize the mitogenic pathways common to regeneration and tumor cells. How feasible will it be to target the signaling pathways that drive the growth of the tumor, but may also be critical for ongoing liver regeneration? For efficacious molecular targeting in HCC especially in chronic liver diseases, it will be critical to identify mitogenic signaling pathways that may be dispensable to hepatic regeneration, but indispensable to HCC growth, to prevent untoward adverse side effects. Based on the above speculation, it will be relevant to, for example, determine if there is any similarity in the molecular mechanisms driving liver regeneration after hepatectomy and carcinogenesis in response to DEN-exposure in β-catenin KO mice [66, 169] . It will also be desirable to identify pathways that when inhibited in β-catenin KO will still allow regeneration but impede tumorigenesis. However, it is also likely that nontransformed hepatocytes in general may have greater molecular redundancy at the outset, thus enabling them to continue to proliferate despite inhibition of a few signaling pathways. Indeed continued regeneration after hepatectomy is observed in many genetic knockout models of known mitogenic pathways (Reviewed in [80] ). Conversely, transformed hepatocytes may have only limited redundant molecular mechanisms and thus may succumb to inhibition of specific pathways that these cells may be addicted to for growth and survival. Nonetheless, identification of such escape pathways after suppression of a key pathway for their redundancy in normal versus transformed hepatocytes will also be relevant to successfully treat HCC with undue adverse effects on hepatic function. As recently reported, we discovered PDGFRα signaling to be a major escape pathway following β-catenin suppression and it remains under investigation if sequential β-catenin and PDGFRα inhibition will be dispensable for liver regeneration but essential for tumorigenesis [169] .
Wnt/β-catenin signaling: Sorting the good from the bad in HCC?
The origin of hepatocellular cancer (HCC) is mostly in the milieu of chronic injury to the liver with ongoing inflammation and fibrosis [146, 198] . This leads to initiation of regenerating nodules, consisting of proliferating hepatocytes, some of which eventually undergo genetic and/or epigenetic alterations owing to the existing genotoxic microenvironment due to any number of causes, leading eventually to HCC. Intriguingly, a high number of HCCs with β-catenin mutations lacked any significant fibrosis and cirrhosis [72, 196] (Figure 3) . Several studies have also demonstrated activation of PIK3CA/AKT signaling in tumors with significant fibrosis and injury, distinct from β-catenin-mutated group [73, 188] (Figure 3) . Furthermore, recent studies reporting enhanced chemical-induced carcinogenesis in the β-catenin KO mice through activation of PIK3CA/AKT signaling, reveals a paradoxical role of Wnt signaling in hepatic tumors [169, 170] . All the above observations taken together suggest that β-catenin activation that is observed sometimes in up to 90% of HCC, i.e. in additional 40-60% of HCC patients where no CTNNB1, AXIN1 or AXIN2 mutations are observed, might in fact be exhibiting important role in maintaining hepatocyte function within tumors. Indeed tumors are heterogeneous and composed of tumor and normal cells at varying stages of differentiation and proliferation. Based on its role in hepatocyte proliferation during regeneration and hepatocyte survival during liver growth and development (Reviewed in [63, 187] ), β-catenin signaling in the absence of β-catenin mutations in HCC within tumor nodules especially in scenarios of ongoing inflammation, injury and fibrosis, may be playing an important role in maintaining liver function in such patients. Additional studies will be of utmost significance to distinguish the 'good' from the 'bad' β-catenin signaling in HCC to prevent harmful effects of universal β-catenin suppression as a therapeutic strategy in HCC. Presently, it appears that activation of β-catenin through mutations in CTNNB1 that are often detectable by positive GS immunostaining of the tumor may be the most suitable candidates for β-catenin suppression, when such therapies become a reality [198, 199] . Total β-catenin is observed in the cytoplasm and nuclei of hepatic oval cells whereas it is evident at the membrane of surrounding hepatocytes. Active-β-catenin (hypophosphorylated at ser37/Thr41) is observed only in oval cells at day 5 and 10 after hepatectomy, which was performed 7 days after insertion of 2-AAF pellet. Broad categories of HCC based on β-catenin activation due to mutations versus multifactorial activation of receptor tyrosine kinases and PI3 kinase and AKT signaling.
